Leaf Area Index (LAI) represents the total surface area of leaves above a unit area of ground and is a key variable in any vegetation model, as well as in climate models. New high resolution LAI satellite data is now available covering a period of several decades.
Introduction
Leaf Area Index (LAI) is the number of leaf layers per unit area in an ecosystem. It is widely used in the coupling of land surface and atmospheric processes, such as radiation, precipitation interception [1] and gas exchange [2] . There are several methods to estimate LAI [3] , including direct observation and the use of modern radiometers. However, at global scale satellite products are arguably the most important. LAI is a key variable of energy and water balance calculations in vegetation models [4] . It influences numerous model outputs such as net primary productivity (NPP), evapotranspiration (ET), the fraction of the light being absorbed by plants (FAPAR) and nutrient dynamics [5] . Land Surface Models (LSMs) have different approaches for calculating LAI, and while the use of plant functional types (PFTs) is widespread [6] , there are important differences in the number of simulated PFTs, their spatial distribution and the representation of vegetation dynamics [7] .
LSMs differ in the number of PFTs they include [8] , and typically divide vegetation into between 4 and 16 PFTs. The number of PFTs and their parameterization leads to important discrepancies in the distribution of the vegetation types [9] . In addition, models vary in their representation of functional trade-offs and plant responses to the environment [10] . The former creates a trade-off between the number of modeled PFTs and their correct representation: using many PFTs leads to an increased uncertainty due to their parameterizations, while an insufficient number results in a misrepresentation of vegetation dynamics. One example of this is the ratio of evergreen to deciduous boreal forest in the Northern Hemisphere, or the ratio of evergreen forests to grasslands over the tropics; the distribution of these have important implications for future climate prediction, as shown by Sitch et al. [7, 11] .
There are several studies that have compared model results with satellite data [11] [12] [13] . Buermann et al. [12] compared the NCAR-CC3 model with satellite data and found that the model partitioning of latent and sensible heat fluxes create discrepancies in the CO 2 fluxes, which lead to an overestimation of the modeled growing season length (GSL). In another example, Richardson et al. [14] compared phenology measurements of ten forests sites in USA with fourteen vegetation models; they found that the models overestimated the length of the growing season, while correctly reproducing the CO 2 fluxes due to an underestimation of the LAI peak. Finally, Randerson et al. [15] found that models underestimate the carbon uptake during the growing season in boreal forest ecosystems due to tardiness in the LAI peak.
One of the main reasons for the lack of comparison between model outputs and satellite observations is data limitation. While satellites have been recording vegetation growth since the 1980s, the data were difficult to use due to frequent missing values. The first complete satellite global timeseries did not appear until 1991 [16, 17] . These products were initially used to validate simple climatic models of vegetation distribution [12] , but their usage has increased steadily in a range of applications. For example, they are used to estimate the biomass of grasslands [18] , boreal forests [19] and mangroves [20] .
During this time, LSMs continued to develop in sophistication and diversity [21] . While the core processes represented in these models remain similar, they vary greatly in their parameterization. This is particularly true in the responses to temperature and drought. Moreover, refined observational forcing data have become widely available. This allows LSMs to be run offline using observed climatology, as in this paper, or offline with self-generated climatology as part of an Earth-System-Model (ESM) (as in Part II of this study, Anav et al. [22] ). Running offline allows the uncertainty corresponding to process representation to be isolated from climate-related uncertainties, which ultimately can be use to improve ESMs and future climatic projections. This evaluation is key in model development.
One important process that remains to be evaluated is the lengthening of the growing season over the Northern Hemisphere. This has been observed by several authors in satellite, modeled and field data [23, 24] . Changes in seasonal variation and the mean values of LAI, mostly due to an increase in temperature at the beginning of the growing season, have important implications on the global carbon cycle. However, considerable uncertainty remains with regard to greening trends and the ability of models to reproduce satellite-derived trends.
With new and improved LAI data now available [25] [26] [27] [28] , a more precise validation of model output is imperative. The objective of this paper is to compare LAI from satellite-derived measurements with modeled output from a set of 8 LSMs over the Northern Hemisphere. We ask three questions to fulfill this objective:
 Do uncoupled (LSMs) models correctly reproduce the spatial variability of LAI shown by satellite data over the Northern Hemisphere?  How does the length of the growing season in the different models compare with the satellite data? And where are the main discrepancies (onset or dormancy)?  What are the trends in LAI and the growing season over this period?
Materials and Methods

Model Data
We use monthly LAI output from eight LSMs from the TRENDY compendium [8] . The models differ in the way they simulate and parameterize several processes (Table 1 , [6, [29] [30] [31] [32] [33] [34] [35] ) and in the way they calculate LAI. All of the models were forced using the same observed climatic and CO 2 data (corrected CRU v3.1 merged with NCEP) and simulated two experiments over the last century:
 S1: real CO 2 growth and climate kept constant, recycling the first 10 years of the century.  S2: real CO 2 and climate. In the present study we use the S2 simulations. All model outputs were regridded to a common 1 × 1 degree grid. Although satellite data are available before 1986, we focus on the last 20 years of the 20th century simulations (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) to be consistent with the analyses of the coupled models (Anav et al., this issue [22] ). 
LAI Parameterization and Calculation
Models differ in the way they calculate LAI, but all of them reported 1-sided LAI and use self-calculated LAI, independent from the satellite measurements. Their main difference is the choice of imposed or dynamic vegetation. The former uses a land-cover map to generate PFT categories, while the latter generates PFT categories based on climatic and competition dynamics.
 CLM4CN. The model has 16 PFTs. In this version the carbon-nitrogen cycling model simulates leaf carbon and specific leaf area to calculate the LAI for each PFT.  LPJ. The leaf area index is updated daily and depends on temperature, soil water, and plant productivity for each PFT. The models have 3 different phenology types (evergreen, summergreen, raingreen) and 11 PFTs.  LPJ-GUESS. The leaf area index is updated daily and depends on temperature, soil water, and plant productivity for each PFT. The models have 3 different phenology types (evergreen, summergreen, raingreen) and 11 PFTs.  ORCHIDEE. LAI is estimated based on temperature. It also uses a maximum LAI threshold after which no more carbon is allocated to the leaves.  OCN employs an approach based on the pipe-model for allocation, which results in much more rapid leaf development, and does not prescribe a maximum leaf area-rather, the maximal annual LAI is an emergent outcome of the NPP of the vegetation and the costs (roots, shoot) for maintaining the leaf area, which varies as a function of water and nitrogen stress.
 SDGVM. LAI is calculated to optimize stem & root NPP. This is achieved through consideration of the net carbon balance of the bottom layer of the canopy. The fraction of NPP available for leaf production is adjusted each year based on this carbon balance. The rate at which this fraction is adjusted is PFT-dependent.  TRIFFID. LAI is calculated for each of the 5 PFTs, based on parameters describing the minimum, maximum and balanced LAI if full cover is reached. The actual LAI is then calculated as a function of the balanced LAI and the phonological status of the vegetation, which depends on temperature.  VEGAS. The model has five PFTs: broadleaf tree, needleleaf tree, C3 grass, C4 grass, and crop.
Whether a tree PFT is deciduous or evergreen is dynamically determined, so it has essentially 7 functional types. Phenology is calculated for each PFT as the balance between growth and respiration. The actual leaf mass is calculated based on photosynthesis allocation, and then converted to leaf area index.
Satellite Data
The LAI data set used in this study was generated using an Artificial Neural Network (ANN) from the latest version (third generation) of the GIMMS AVHRR NDVI data for the period July 1981 to December 2010 at a 15-day frequency (Zhu et al. this issue [36] ). The ANN was trained with best-quality Collection 5 MODIS LAI product and corresponding GIMMS NDVI data for an overlapping period of 5 years (2000 to 2004) and then tested for its predictive capability over another five year period (2005) (2006) (2007) (2008) (2009) ). The average uncertainty of the MODIS LAI product is estimated to be 0.66 LAI units [24] , though it varies depending on the mean LAI, and the data is for 1-sided LAI; further details are provided in Zhu et al. [36] . The 10 years of MODIS LAI/FPAR (2000-2009) was further processed to generate climatology. The ANN was further trained on the climatology fields. The NDVI3g data have now a 30-year history of development. The data was further regridded to the same 1 × 1 grid, using a linear interpolation; all missing values were filtered when average over a coarser resolution.
Study Region
The main focus of this study is the high northern extra-tropics. This area was chosen due to the fact that satellite data is more reliable over this region than others, because there are fewer clouds. Additionally, we want to study the response of phenology to temperature and there are no clear seasonal changes in vegetation growth over the tropics. Hence our study region comprises all the land areas north of 30°N. All results, with the exception of zonal LAI, are projected over a stereographic projection from the North Pole, with the latitude ranging from 30°N to 90°N .
Leaf Phenology Analyses
Growing season onset, dormancy and length were calculated based on the seasonal amplitude. LAI has been shown to have a normal distribution over the year in northern latitudes [37] , so we consider the start of the growing season to be 20% of the maximum amplitude. This processes has been proven to be more stable for monthly data, compared to an approach based on sudden LAI changes.
In order to analyze changes in the growing season, we mask regions where there are minimal changes in LAI over the year (e.g., evergreen forests and mixed forest with a small deciduous component). These regions were defined as those where the difference between the maximum and minimum LAI amplitude is less than 0.5. We also masked regions where the LAI decreased in the middle of the summer (drought deciduousness), assuming those months to have constant LAI.
For the gridcells with enough variation, we calculated a critical threshold value (CT) above which we assume the plants to be photosynthetically active (Equation (1)) (1) where LAI Min and Max represent minimum and maximum gridcell LAI over one year. The length of the growing season for each year was calculated as the number of months with an LAI value above this threshold; the onset is the first of these months and the dormancy is the last. Since part of the growing season occurs after the end of the year [38] , we included the first three months of the following year in the calculations. Hence, the growing season offset can occur on the following year, having DOY higher than 365. Even when calculated monthly all results are presented in days (number of days passed until the end of the calculated month). The procedure was repeated for each gridcell, year and dataset. Mean length, onset and dormancy represent the average over the whole time period ( Figure 1 ). In order to quantify the differences between the models and data we calculate the root mean square errors (Equation (2)) between each model and the satellite observations for each grid cell and all growing season variables, and the seasonal amplitude.
(2)
Temporal Trends
In order to calculate the temporal changes in annual average LAI and growing season length (GSL), linear trends were calculated for each gridcell for the whole time period. The values are presented as net change in both variables, in m 2 m −2 and in days/year respectively. This approach has been used by other authors [34] giving important insights on the drivers of change.
Results
Mean LAI
All of the models overestimate mean LAI, LAI trend and interannual variability (IAV) over the high-latitude Northern Hemisphere compared to the satellite observations ( Figure 2 ). In general, models with the highest average LAI also have strong positive trends. This occurs regardless of whether the models use imposed or dynamic vegetation, or the number of PFTs implemented. Interestingly, models with a trend and average LAI closest to the satellite records, such as ORCHIDEE, OCN and TRIFFID have very different values of IAV, ranging from values similar to the satellite data up to 4 times higher. On the contrary, the most dissimilar models to the observations, such as LPJ and CLM4CN, have larger IAV. Looking at the spatial distribution of LAI, most of the models simulate the observed spatial distribution pattern (Figure 3 ). Peaks in LAI are evident over the boreal forest (55°-65°N) and the North American temperate forest (30°-55°N). The lowest values are found over the cold Gobi plateau and the Siberian Tundra. As noted above, there is a general overestimation of mean LAI in the models, relative to observations. LAI values range from 0 to 2.5 in the satellite data, while for the models they are as high as 5. Models and observations agree on values over the deserts and low-LAI regions but the differences are higher (3-4) over the boreal region. As shown by spatial correlations, differences between satellite data and models are higher in VEGAS and TRIFFID, and smaller in LPJ and LPJ-GUESS ( Figure 3 ). It is noteworthy that much of the discrepancies occur over evergreen vegetation, suggesting that the lack of regenerative vegetative states, fire and gap dynamics over this region lead to an overestimation of the number of fully grown trees on models, which ultimately means a much higher LAI than observed. However, satellite signal saturation-this is the inability of the satellite to distinguish between areas with high LAI-could be leading to an underestimation of LAI in dense forested areas such as the boreal forest, which might also account for the lower LAI over this area. The seasonal amplitude patterns show large disagreements between the models and the satellite data ( Figure 4 ). Most models overestimate the mean amplitude (RSME = 1.02-2.21), which is particularly evident over Europe and Eastern North America. The exception here is SDGVM, which displays little seasonality and performs better than the rest of the models in reproducing the satellite-derived observations. The RSME show that models using dynamic vegetation are less similar to observations than those using imposed vegetation. Regardless, most models correctly simulate the spatial variability of the seasonal amplitude; this is true for CLM, GUESS, OCN and VEGAS to some extent. TRIFFID shows almost no seasonality over this area, which is mainly driven by the omnipresence of the evergreen PFT over the Northern Hemisphere (not shown) (Figure 4) . 
Growing Season
The growing season onset derived from LAI is broadly consistent across the models, with high correlations compared to the satellite data (>0.5) ( Figure 5 ). In general the satellite observations show a later onset as latitude increases, remarkably similar to the thermal gradient. CLM, LPJ-GUESS, LPJ, SDGVM and, to a lesser extent, OCN, ORCHIDEE and VEGAS correctly reproduce this spatial pattern, as shown by the RSME and spatial correlations. This is not surprising as those models include a thermal limitation to photosynthesis and a snow scheme. TRIFFID shows no detectable onset above 50°N but has later values compared to the satellite below that threshold, likely due to the distribution of the evergreen PFT over the whole NH. Models that have the highest correlations with the satellite on the SA also show very similar values to the satellite on the onset, as shown by RSME ( Figure 5 ). The discrepancies between the models and satellite observations are larger when considering the end of the growing season or dormancy ( Figure 6 ). While the satellite data shows a latitudinal gradient, with the dormancy occurring earlier at higher latitudes, most models overestimate the dormancy day (RSME = 31-63). Out of the eight models, LPJ-GUESS, LPJ, ORCHIDEE and VEGAS have a similar dormancy distribution with minor discrepancies over the taiga and boreal forest, as shown by the spatial correlations. CLM, OCN and TRIFFID have patchy areas of agreement, while SDGVM has a much later dormancy than the satellite data. In some regions, particularly boreal deciduous forest, modeled dormancy can happen after the end of the year (DOY higher than 365). However, over these months the snow corrupts the satellite signal, leading to an underestimation of LAI. This partially explains why the dormancy date errors are larger than those of the onset.
All of the models predict a later dormancy date (day), particularly over the northern temperate region (30°-50°N) ( Figure 6 ). This means that leaves in the models remain for longer than they should. However, the late dormancy is not in line with the vegetation photosynthetic activity. When the same methodology used to calculate the LAI-growing period was applied to gross primary productivity (GPP), we found that the dormancy began at 277 ± 7 days in the models, which is remarkably earlier than previously predicted by LAI (315 ± 10 days), even on the low-north latitudes (287 ± 18). It is evident that all of the models keep inactive leaves for longer than they should, which does not have an impact on the C cycle but could potentially modify radiation and turbulent fluxes, therefore affecting planetary boundary layer dynamics. There is a higher level of agreement in growing season length between the satellite data and the models than for dormancy dates (Figure 7) . Surprisingly, the satellite observations display a very homogeneous length over regions > 50°N, with values between 120-150 days. Similar to the previous patterns, LPJ, LPJ-GUESS, CLM, ORCHIDEE and VEGAS have the highest agreement with the satellite data, as shown by the RSME and spatial correlations. Interestingly, the disagreement between models and observations occurs mostly over the lower latitudes of the Northern Hemisphere. OCN displays the same patchy agreement that shows on the onset and SDGVM displays the least agreement with an opposite GSL distribution. The length of the growing season has the highest error compared to the satellite data, where 6 out of 8 models display longer GSL, mostly driven by a late leaf shedding ( Table 2) .
When looking at the hemispheric mean values it is clear that all of the models overestimate the LAI, dormancy and length of the growing season ( Table 2) . Satellite LAI average for the Northern Hemisphere was 0.83, while LAI from the models varies between 0.98-2.16. Both growing season onset and dormancy were later in all of the models, in some cases by more than a month. The effect of the late offset translates as an increased GSL, with values 9 to 180 days higher than the satellite data (Table 2) . However, when the dormancy period is calculated based on GPP the modeled values become much closer to the observations, with an average GSL of 144 ± 15 days, compared to 184 days in the satellite data. This again suggests a decoupling between the active period of photosynthesis and leaves in the models. 
Temporal Trends
All models show a positive LAI trend in most of the Northern Hemisphere, which is consistent with the satellite observations ( Figure 8 ). Nevertheless, there is little agreement on the spatial distribution of this phenomenon, with spatial correlation values between −0.05 and 0.12. In the satellite observation most of the greening occurs over 55°-90°N in Eurasia, while in models it is homogeneously distributed. More puzzling is the reduction of LAI in LPJ-GUESS, OCN and VEGAS, which could be explained by a decrease in precipitation over this region (not shown). As all models are forced using the same climate, consistent regional patterns must be driven by temperature or precipitation. The greening over the high latitudes occurs in all models and is driven by an increased temperature. The models also show a general increase in the GSL albeit with a few areas where it decreases (Figure 9 ). However, similar to previous trends, there is little agreement over the spatial distribution. Clearly, models that perform better at calculating the GSL (both on the onset and dormancy) and average LAI more accurately reproduce observed linear trends (Figure 9 ). In most models, changes in the GSL match those of LAI. This is the case for CLM, OCN, ORCHIDEE, SDGVM and the satellite data, all of which use prescribed vegetation. LPJ, GUESS and VEGAS show an increased length over Eurasia and a decrease over North America, and their patterns resemble the precipitation trends for this period (not shown). This discrepancy between LAI and GSL changes is difficult to explain but could be driven by vegetation shifts from deciduous to evergreen forests. Changes in the GSL in TRIFFID, while only occurring over a small area, match the observations. Figure 9 . Growing season length trends over the period 1986-2005 for 8 LSMs and the satellite observations. Brown indicates an increase in the length of the growing season and green a decrease (days/year). In the white boxes, the values of the spatial correlation between each model and the satellite observations are given.
Discussion
The first important point to address is the validity of the satellite data. Satellite data does not represent true observations per se, but rather a model in itself. However, it is the closest product to observations, and available globally. It has been widely validated, but nevertheless there are some important issues that need to be considered. The satellite LAI product may have some problems detecting LAI in wintertime, since there is little sunlight in high latitudes. Sun angles are low and the satellite signals are heavily corrupted. Additionally snow cover affects reflection in winter and early spring. Hence, in the processing of any satellite data, there is a sun-angle cut-off. In these regions in the winter period there is little or no data. This partially explains the difference with modeled dormancy dates. However, this does not matter since the soil during this time is frozen and the plants are not photosynthesizing, hence there are no changes in LAI. The methods used to detect the growing season will also ignore this period, since we are only interested in LAI when it starts to change, during the spring. In the region occupied by boreal forests, the same applies. The majority of the Boreal forests are photosynthetically inactive since they are covered in snow. They do however have green needles. These will begin to appear in late winter and early spring as radiation increases. The sun angles in some regions are above the processing cut-off limits and the satellite sensor will begin to register NDVI values. However the ground is still frozen and therefore there is no photosynthetic activity even if the air temperatures begin to rise above freezing during some hours of the day [36] .
Over the boreal forest region (55°-65°N), all models exhibit an overestimation in LAI of 2-3 units compared to the satellite but also when compared with literature estimates [39] . We know that the satellite has an error precision of 20% at a pixel scale [40, 41] , field measurements have reported values around 2.7 ± 1.18 for the evergreen boreal forest [41] and 2.3 ± 0.6 for the deciduous forest [42] . The annual average over this region is around 1-2, which is inline with the satellite observations plus error. The average model values in this region are around 4, more similar to the expected maximum [39] , than the expected mean (2.6-2.7). It seems that modeled LAI is higher all year round. These values are similar to the temperate forests, which suggests that having only one PFT for broadleaf forest might not be sufficient as is the case for TRIFFID, SDGVM and VEGAS. Moreover, models that include a wider range of PFTs, such as ORCHIDEE and LPJ-GUESS, are more similar to the satellite observations. Another possible explanation lies in the fact that models based on observed vegetation perform better than dynamic models. The lack of important ecosystem processes such as gap dynamics and fire, could be leading to the simulation of a mature forest state, which ultimately increases the PFT LAI.
There is great discrepancy in the calculation of the GSL with values that differ for more than a month, due to differences in the phenology module of each model. CLM4CN is one of the models that best predicts the GSL, since its LAI is derived from simulated leaf carbon and balanced with nitrogen [29] . More interestingly, models that use a thermal gradient to determine LAI (e.g., LPJ and LPJ-GUESS) [6, 30] more accurately simulate the GSL than models with a more complex phenology, such as models where LAI is calculated from the leaf biomass (e.g., OCN [31] , ORCHIDEE [32] and VEGAS [35] ) or those that use a hydrological budget (e.g., SDGVM [32] ). The exception is TRIFFID: while the model uses a thermal gradient for LAI [34] , the introduction of a "chilling" phenology (leave shedding due to freezing) seems to overestimate the evergreen component in the Northern Hemisphere.
In spite of the differences in the phenology modules of the models, all predict an onset 15-20 days later than the satellite. Work by Jeong et al. [43] suggests that most models fail to calculate an adequate budburst due to the usage of mean air temperature threshold instead of accumulated heat variable, which generates better results. The authors also argue that the effect could come from the lack of representation of PFTs, which is consistent with our results-a higher number of PFTs leads to a better LAI and GSL representation. Another possible explanation is the overestimation of the effect of frozen soil thaw in the models.
All models predict a later dormancy, which occurs a month later than the satellite data. This happens due to all models having a constant leaf shedding over time once the temperature has reached a minimum certain threshold. While this might be true for the evergreen component, it creates a longer GSL for the deciduous forest [44] [45] [46] . Moreover, the difference in the dormancy date between GPP and LAI clearly points out that models need to improve their LAI dormancy. While this might not have an impact on the C cycle, it could potentially alter the radiation and turbulent fluxes.
A longer growing season allows for a longer time of leaf growth, which explains the increasing LAI trend in the models, with the whole process being driven by temperature [47] [48] [49] . In most cases LAI plateaus at the maximum value, so if the growing season is longer, there are more days with maximum leaf area, which leads to a higher average value. This seems to be true for models with prescribed vegetation, although models that simulate dynamic vegetation follow the precipitation pattern more closely.
Conclusion
We compare LAI from eight different uncoupled LSMs against satellite data over the Northern Hemisphere, during the 1986-2005 period. This was achieved by calculating the mean LAI, seasonal amplitude and growing season variables (onset, dormancy an length). Our results show that all models overestimate LAI by 2-3 units, particularly over the boreal forest, relative to the satellite data and literature estimates. Models that include a high number of plant functional types (10-16) compare more favorably to the satellite data than those that only have a few (4) (5) . Models that calculate their phenology based on temperature perform better than those with complex photosynthetic modules. Likewise, models with prescribed vegetation more closely match observations than those that simulate it dynamically. Finally, all models overestimate the length of the by 4-40 days based on LAI compared with the observations, largely due to the dormancy date occurring 20-60 days later. This is inconsistent with the photosynthetic active period calculated by GPP, which was on average 3 months smaller. This highlights the need to improve the deciduous phenology in all models, particularly leaf shedding.
While vegetation models have developed a great deal, there is still a need for improvement. LAI is a key variable in all models and its correct representation, both temporarily and spatially, is key to predicting correct carbon fluxes. As the literature suggests, any overestimate in the length of the growing season and its trend is likely to affect albedo and have important effects on the radiation budget of the area. The satellite data represents a unique opportunity to test models against observational data and to determine where improvements can be made. Moreover, additional variables can be validated, allowing the identification of possible problems within the models.
